Abstract-Boundary conditions and ranges of the formation of indium(III) sulfide and selenide upon pre cipitation by thiocarbamide and selenocarbamide are determined. Potentiometric titration of indium chlo ride (InCl 3 ) in the concentration range of 0.0001 to 0.100 mol/L by a solution of sodium hydroxide is per formed. It is found that the following pH ranges are optimal for In 2 S 3 and In 2 Se 3 film precipitation: from 3.0 to 4.5 and from 9.0 to 14.0. Indium selenide layers 100 to 300 nm thick are prepared on vitroceramic by hydrochemcial precipitation.
INTRODUCTION
In recent years, indium selenide and sulfide have found wide use in micro and optoelectronics as nuclear emission detectors, red and green semicon ductor diodes, and microwave shielding due to their unique electrophysical properties [1] [2] [3] [4] [5] . Thin films of three component compounds based on CuInSe 2 and CuInS 2 indium chalcogenides are in high demand as materials for converters of solar radiation. Hydro chemical precipitation is of particular interest as a simple and profitable method for their synthesis and allows us to obtain layers on substrates of various materials, including those of complex configuration, and is intrinsic to the low temperature regime of pre cipitation. The nanostructured character of the metal chalcogenide films obtained according to this method shifts of the range of photosensibility to the shorter wavelengths of the spectrum. At the same time, there are virtually no data on physicochemical studies of the hydrochemical film precipitation of individual indium chalcogenides or solid solution solutions based on them in the literature. One reason for this is the stabil ity of the hydroxocomplexes formed by indium.
Choosing the composition of the reaction mixture and determining the conditions of the colloidal chem ical precipitation of indium sulfide In 2 S 3 and selenide In 2 Se 3 is considerably simplified after calculating the ionic equilibria for the boundary conditions of the pre cipitation of these compounds from aqueous solu tions. Earlier, we proposed a procedure for calculating the conditions of the formation of metal sulfides and selenides in the presence of complexing agents that considered the behavior of the chalcogenizer [6] . This procedure also enabled us to calculate the boundary conditions of the formation of metal hydroxide phase, ensuring the nucleation and formation of chalco genide films according to the so called hydroxide scheme. Potentiometric titration of a solution notably corrects the conditions for the formation of solid phases. In [7] , an original procedure for treating the results from such titration was proposed that ensured a marked increase in the precision of predictions. Build ing a mathematical model of the system lays a founda tion that includes not only the stability constants of the main components in a solution, but also the constants of complex compounds in negligibly small concentra tions that nevertheless affect its precipitation [8] . Ignoring the effect of these complex forms introduces model error as systematic error. The precision of pre dictions for determining the conditions of the precip itation of thin films is of particular interest.
The aim of this work was to determine the bound ary conditions for the chemical precipitation of indium(III) sulfide and selenide based on a complex approach involving the calculation of ionic equilibria in the reaction system and using the results from potentiometric titration. range of metal salt concentration depending on the pH of reaction mixture was determined from calculations using the procedure in [6] . We analyzed the ionic equi libria in two multicomponent systems, indium chlo ride-sodium hydroxide-thiocarbamide and indium chloride-sodium hydroxide-selenocarbamide.
EXPERIMENTAL
Potentiometric titration was performed according to the generally accepted procedure using 0.100 to 0.0001 M solutions of indium salt InCl 3 and alkali solutions NaOH (both of pure for analysis grade) and a pH 121 pH meter. The results from titration were processed with the EQ 5 program designed and pro posed in [7] .
Indium selenide films were precipitated onto pre liminarily degreased ST 50 1 vitroceramic substrates from a reaction mixture containing indium chloride InCl 3 , sodium hydroxide NaOH, and selenocarbam ide CSeN 2 H 4 in the temperature range of 333 to 353 K in sealed glass reactors. Reactors were placed in a TS TB 10 thermostat that maintained the temperature with a precision of ±0.1 K. The time of film precipita tion was 120 min. Film thickness was determined using an MII 4M microinterferometer.
RESULTS AND DISCUSSION
The formation of indium sulfide (selenide) using thio(seleno)carbamide as chalcogenizer can be described as
The correspondence of the solubility product of metal selenide to ionic product, i.e., the product of the concentrations of free (noncomplexed) metal ions and chalcogenide ions was considered a condition of its solid phase formation. The reversible character of the hydrolytic decomposition of indium sulfide and selenide was the basis for our analysis of ionic equilib ria upon their precipitation from solutions containing thio(seleno)carbamide [9] .
In order to determine the minimum concentra tions of indium salt in the reaction mixture that were needed for formation of the solid phase of chalco genides depending on the pH of the medium when using thiocarbamide and selenocarbamide, we used equations derived from the general equation given in [6] [ ]
where pС H is the exponent of the concentration of indium salt in the reaction mixture; and are exponents of the solubility product of indium sulfide and selenide, respectively; is the exponent of the fractional concentration of In 3+ ions in solution calculated with allowance for the stability constants of In(III) complex compounds [6, 9] 
,
where , , and are exponents of the dissociation constants of hydrogen sulfide (selenide) and cyanamide by the first step, respectively; and is the exponent of the full dissociation con stant of cyanamide.
Equations (2) and (3) satisfactorily describe the boundary conditions for the formation of indium sul fide and selenide upon the reaction between its salt and the corresponding chalcogenizer. As follows from our equations, the required (initial) concentration of metal salt is determined by a series of thermodynamic constants and depends on the given pH value of reac tion mixture; the fraction of free metal ions resulting from the concentration of ligands and the stability of complex forms of metal in which they par ticipate; and the content of chalcogenizer in solution.
Along with indium sulfide or selenide in solution, the precipitation of its hydroxide In(OH) 3 is also pos sible in a broad range of pH. Considering the high sta bility of this compound, which is capable of influenc ing reaction (1), it is important to estimate the bound ary conditions of its formation. The minimum initial concentration of metal salt рС in ensuring the forma tion of indium hydroxide phase depending on pH was determined according to the equation [6] [ ]
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where pSP is the exponent of the solubility product of indium hydroxide and pK w is the exponent of the ionic product of water. It should be noted that the precipitation of indium hydroxide is also deter mined by the fraction of free indium ions in the reaction bath [6, 9] .
In the above InCl 3 -NaOH-CS(Se)N 2 H 4 -H 2 O systems, indium is represented by several hydroxo complexes with the following exponents of their insta bility constants: In(OH) 2+ (рk in = 9.9 [10] ), In(OH) (рk in = 19.8 [10] ), In(OH) 3 (рk in = 29.6 [11] ), and (рk in = 28.7 [10] ). Calculations to determine the boundary conditions for the formation of indium sulfide, selenide, and hydroxide were performed at the following values of thermodynamic constants (T = 298 K): = 76.6 [11] [12] , and pk w = 14 [10] . The initial concentra tion of thiocarbamide and selenocarbamide was set at 0.05 mol/L.
Results from our calculations according to Eq. (2) in рС in = f(pH) coordinates are given in Fig. 1 , which shows the boundary conditions for the formation of solid phases In 2 S 3 and In(OH) 3 upon precipitation by thiocarbamide.
As follows from the plotted dependences, the pre cipitation of indium sulfide is accompanied by the for mation of its hydroxide In(OH) 3 in an even broader pH range. The synthesis of In 2 S 3 is possible in the pH range of 3.0 to 14.0, presumably as a result of the sul fidization of the formed hydroxide.
In S рSP 2 3 In Se The results from our calculations using Eq. (3) are given in Fig. 2 . As in previous case, we can see that the precipitation of In 2 Se 3 chalcogenide is accompanied by the formation of In(OH) 3 in a broad range of pH. The precipitation of In 2 Se 3 is possible in the pH range of 2.0 to 14.0.
As follows from our results, the formation of both sulfides and selenides of indium in the investigated systems proceeds under conditions of coprecipitation with the phase of its hydroxide. It is known that the presence of hydroxide phase at the initial step of pro cess generally has a positive effect on the adhesion of metal sulfide films on a substrate upon hydrochemical precipitation [9] and the optimum pH values of pro cess are usually the values near the boundary of the formation of the metal hydroxide phase. However, the high stability of indium hydroxocomplexes and the broad pH range of the precipitation of In(OH) 3 com plicates the selection of precipitation conditions of In 2 S 3 and In 2 Se 3 . This dictates the need to optimize the pH range of their formation by performing the potentiometric titration of indium salt solutions.
As was shown in [7] , a quite reliable model of a metal ion-water-complexing agent system can be plotted using the data from potentiometric titration. This enables us to determine rather quickly the pres ence of various complex forms of metal in solution and find the optimum pH value for the precipitation of required phase. Having this mathematical model of equilibrium processes in metal ion-water-complex ing agents system considerably simplifies the problem of optimizing the synthesis of metal chalcogenides [8] . Thermodynamic descriptions of the reactions and products of hydrolysis allows us to determine the direction and character of various chemical transfor mations. In studying the hydrolysis of metal salts in highly concentrated solutions (0.01 to 0.5 mol/L), the formation of polynuclear forms intrinsic to most metal hydroxocomplexes was detected in [13] . Mechanisms of the hydrolysis of metal ions in diluted solutions (10 ⎯4 to 10 -6 g ion/L) are mainly characterized by the formation of monomer hydroxocomplexes [14] . For reliable simulations of the formation of metal chalco genide, we must use the equation for intermediate sol ubility and consider the hydroxocomplexes formed in the system in appreciable molar fractions, along with the compounds found in molar fractions of less than 0.01 but still determining the conditions for saturation of the solution in a particular solid phase. 
where C Me and V Me are the initial concentration of metal ions and the initial volume of the reaction solu tion of a metal salt prior to adding the titrant, and C titr and V i are the initial concentration of the titrant and the amount added in titration.
The function of formation per metal ion deter mines the number of atoms of the complexing agent (metal ions) on one molecule of compound and is esti mated from the slope of the initial part of the titration curve. The concept of the function of formation (ligand number) n was proposed for the first time by Bjerrum in [15] .
The stoichiometric composition of the evolved solid phase can be estimated by projecting the curve's plateau onto the ordinate axis [7] . As follows from Fig. 3 , the length of the plateau grows as the concen tration of metal ions in the system rises. At the initial sections of potentiometric titration curve, its slope is constant regardless of the concentration of metal ions. Only at high concentrations of metal ions does this slope become greater, indicating the formation of multinuclear compounds in the solution.
Treating the experimental curves of potentiometric titration with the EQ 5 program for simulating equi libria in aqueous solutions of metal salts enabled us to produce basic equations for the main equilibrium pro cesses notably influencing the changes in system parameters during titration:
where β 1 , β 2 , β 3 , β 4 , β 5 , β 6 , , , and are equilibrium constants of the corresponding processes characterizing the stability of complexes.
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In X β In X Conditions for the formation of In(OH) 3S and In 4 (OH) 11 Cl S precipitates in a system without chalco genizer are
In 4 (OH) 11 Cl S : law of solubility product) . Here, β 3S and are equilibrium constants for the formation of corresponding precipitates.
Our calculated and reference values for the decimal logarithms of the equilibrium constants of (9)- (19) are given in the table.
As follows from the table, there is satisfactory agreement between the calculated and reference val ues of the decimal logarithms of the equilibrium con stants. Equilibrium constant β 1 determines the onset of potentiometric titration at low concentrations of metal ions. The values of constants β 1 , β 2 , and β 3 are close. The value of the β 3S constant (the constant of molecular solubility) is determined by the range of existence of In(OH) 3 precipitate at various initial con centrations of metal ions. The β 4 , β 5 , and β 6 values are determined by the right part of the potentiometric titration curve (at high pH values of solution) and at various initial concentrations of metal ions.
The , , and values were calculated from the divergence of the initial sections of the titra tion curves at various initial concentrations of the metal salts. The composition of the indium compound was determined from the slope of the initial section of the potentiometric titration curve. The composition of the hydroxide ion complex was determined from the value of the function of its formation n, using the pla teau of the potentiometric titration curve.
The reliability of and is determined by the relationship of the processes they described. For example, when the activity factor of ions is less than , the solid phase is prone to dissolution until the values of equilibrium activity are achieved. When the activity product of ions is higher than (the over saturated solution state), solid phase is formed until the equilibrium state of the system is attained. Figure 4 shows the theoretical curves of potentio metric titration along with the calculated curves for the rate of transformation of indium salt at initial con centrations of 0.0001, 0.001, 0.010, and 0.100 mol/L. As follows from Fig. 4 , there is good agreement between the experimental and theoretical depen dences.
Because films of most metal chalcogenides are pre cipitated at pH ≈ 9-13, calculations of the ionic equi libria tell us we can ignore the protonated forms of thio(seleno)carbamide, since their concentrations at pH > 4.5 are already very low. Note that at pH > 12, the In X S β 4 11 In X β 4 11 In X S β 4 11 In X S β cyanamide formed at the first stage is almost com pletely transformed into urea [9, 16] . Figure 4 presents the combined data from potenti ometric titration. It can be seen that several solid phases were formed in the investigated system. The transitions from one phase to another is observed as kinks on the curve of residual concentration and as a step on the potentiometric titration curve. With an increase in the concentration of In(III), the beginning of the potentiometric titration curve shifts to the lower pH range due to hydrolysis. We can also see that the projection of the plateau onto the ordinate axis corre sponds to = 3.0, confirming that the In(OH) 3 compound precipitated from the solution in the range of existence of plateau.
With the increase in the concentration of In(III), final part of plateau at = 3.0 shifts to the range of higher pH values of solution characterizing the increase in the range of formation of In(OH) 3 precip itate. On the whole, the range of formation for the solid phase of In(OH) 3 lies in the pH range of 7 to 9, but with the increase in the concentration of indium salt it gradually shifts to pH 12. At pH ≈ 4, the range of the formation of ≈ 2.75 compounds starts for 0.01 and 0.1 mol/L concentrations of indium salts and continues up to pH ≈ 6.5. This testifies to the evolution of a compound with an assumed composition of In x (OH) 2.75x Cl 0.25x . At lower indium concentrations of 0.0001 and 0.001 mol/L in the pH range of 4.5 to 6.5, there is an area with ≈ 2.55 corresponding to a compound of In x (OH) 2.55x Cl 0.45x composition.
We may conclude that the range of solid phase for mation expands with an increase in the concentra tion of indium salts. The start of the range of forma tion of indium hydroxide shifts to the range of higher pH values of the solution. As a rule, the range of the As follows from the dependences plotted in Figs. 1  and 2 , the precipitation of indium chalcogenides with out allowance for the formation of precipitates of complex In(III) compounds virtually corresponds to the range of formation of indium hydroxide in a broad range of pH. In turn, we can see from the plotted dependences in Figs. 3 and 4 that the precipitation of indium chalcogenides with allowance for the forma tion of precipitates of complex In(III) compounds corresponds to the boundaries of the ranges of forma tion of indium hydroxide in a broad range of pH with allowance for the initial concentration of metal salts. The pH ranges of 3.0 to 4.5 and 9.0 to 14.0 must be considered optimal for the synthesis of indium selenides and sulfides.
Our results can be used for the formation of the reaction mixture upon the precipitation of indium selenide. On vitroceramic substrates, In 2 Se 3 layers 100 to 300 nm thick, formed from aggregates with sizes of 30 to 70 nm, were obtained at pH 11.0. We suggest that the nucleation of selenide film is of a homogeneous character and requires such additional conditions as an increase in the initial concentrations of reagents in the reaction mixture or increasing the adhesion of metal chalcogenide particles to the substrate. In other words, in order to attain stable synthesis, we must ensure the redistribution of the solid phase of indium selenide from bulk solution to the surface of substrate.
CONCLUSIONS
The boundary conditions and ranges of the forma tion of indium sulfides and selenides were determined by calculating ionic equilibria with allowance for the behavior of chalcogenizers in indium chloridesodium hydroxide-thiocarbamide and indium chlo ride-sodium hydroxide-selenocarbamide systems. It was found that the formation of chalcogenide solid phase is possible in a broad range of pH from 3.0 to 14.0, which virtually coincides with the range of for mation of indium hydroxide. Potentiometric titration of indium chloride solutions (InCl 3 ) in the concentra tion range of 0.0001 to 0.100 mol/L was conducted with sodium hydroxide; treatment of the results with the EQ 5 software package revealed two optimum pH ranges for the precipitation of indium chalcogenides: 3.0 to 4.5 and from 9.0 to 14.0, which are promising for realizing the hydroxide model of the nucleation of films. Nanostructurated layers of indium selenide 100 to 300 nm thick were obtained using the results from potentiometric titration by hydrochemical precipita tion on a vitroceramic substrate. 
